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The  optical  properties  of nanocrystalline  HfO2 synthesized  using  a  single-step  auto-igniting  combustion
technique  is  reported.  Nanocrystalline  hafnium  oxide  having  particle  size  of the  order  10–15 nm  were
obtained  in the present  method.  The  nanopowder  was  characterized  using  X-ray  diffraction,  Fourier
transform  infrared  and Fourier  transform  Raman  spectroscopic  studies.  All  these  studies  conﬁrm  that
the phase  formation  is complete  in the  combustion  synthesis  and  monoclinic  phase  [P21/c(14)]  of  HfO2
is obtained  without  the  presence  of any  impurities  or additional  phases.  The  powder  morphology  of
the  as-prepared  sample  was  studied  using  transmission  electron  microscopy  and  the  results  were  inaterials processing
ombustion synthesis
eramics
hotoluminescence
ptical properties
good agreement  with  that  of the X-ray  diffraction  studies.  The  optical  constants  such as  refractive  index,
extinction  coefﬁcient,  optical  conductivity  and  the band  gap  were  estimated  from  UV–vis  spectroscopic
techniques.  The  band  gap  of nanocrystalline  HfO2 was  found  to be  5.1  eV and  the sample  shows  a  broad
PL  emission  at  628  nm.  It  is  concluded  that  the transitions  between  intermediate  energy  levels  in  the
band  gap  are  responsible  for  the interesting  photoluminescent  properties  of  nanocrystalline  HfO2.
©  2014  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and hosting  by. Introduction
Hafnium oxide (HfO2) is an important ceramic material due to its
igh dielectric constant (εr ∼ 30), high melting point (2758 ◦C) and
reater chemical stability [1]. HfO2 and its solid solutions with SiO2
re promising replacements for SiO2 for their potential applications
s gate dielectrics [2]. Recently the optical applications of HfO2 are
aining widespread interest. Due to its transparency over a wide
ange from ultraviolet to mid-infrared, it is used as materials for
eat resistant, reﬂective and protective optical coating [3–5]. HfO2
ound promising optical coating applications such as ﬁlters, beam
plitters, anti-reﬂection coating, high reﬂectivity mirrors, etc. [6,7].
Hafnium in bulk can adopt three different crystal structures at
mbient temperatures. At room temperature it is stable in mono-
linic structure, transforms to tetragonal at about 1720 ◦C and
ecomes cubic at about 2600 ◦C [8]. Synthesis of advanced ceram-
cs and specialty materials as nanocrystals is one of the major∗ Corresponding author. Tel.: +91 9495200830; fax: +91 471 2230919.
E-mail address: drhpadmakumar@gmail.com (H. Padma Kumar).
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challenges in the development of material processing technology
[9]. The advantages of nanocrystalline materials are superior phase
homogeneity, sinterability and microstructure leading to unique
mechanical, electrical, dielectric, magnetic, optical and catalytic
properties [10]. There have been increasing interests in the use of
nanoparticles to optical systems because of their enhanced opti-
cal properties due to their smaller size [11]. Because of its high
chemical stability, high cost and high processing temperatures,
hafnium oxide is less studied in the form of nanomaterials than
other simple oxides. Recently the synthesis of nanocrystalline haf-
nia by a sol–gel method was  reported [12–14]. The synthesis of
nanocrystalline HfO2 by the hydrolysis of hafnium oxychloride in
ethanol was reported [15]. The preparation of nanocrystalline HfO2
by ultrasonically assisted hydrothermal treatment has also been
reported [16].
Recently combustion synthesis technique has been reported
as an easy, economical and time-saving method to synthesize
advanced ceramic powders and functional materials [17–19]. Since
solution mixing is generally used in combustion synthesis, it results
in relatively ultra-phase homogeneity than in any other techniques.
Generally in combustion synthesis, which uses PVA as a complex-
ing agent and urea as fuel, it requires post-annealing or calcination
of the precursor to get phase purity. Recently, with the use of citric
tion and hosting by Elsevier B.V. All rights reserved.
H. Padma Kumar et al. / Journal of Asian Ceramic Societies 3 (2015) 64–69 65
a
u
a
h
T
p
c
o
s
n
a
b
c
f
s
c
p
T
ﬁ
c
2
t
I
p
w
t
c
a
d
a
t
u
b
T
i
p
t
s
d
(
t
F
w
5
l
e
r
t
T
tFig. 1. Schematic diagram of the modiﬁed combustion synthesis technique.
cid as complexing agent and ammonia as fuel instead of PVA and
rea, we were able to prepare a number of phase pure perovskites
nd scheelites as nanopowders in a single-step combustion itself,
ence avoiding the need of post-annealing or calcination steps [18].
he powder thus obtained shows superior phase homogeneity,
urity, improved sinterability, etc. than that of their conventional
oarse-grained and micron-sized counterparts. However there are
nly a few reports available on the synthesis of nanocrystalline
ingle oxides especially group IVB metals such as hafnia, zirconia,
iobium, tin, etc., particularly hafnia, which are widely required
s optical functional materials in opto-electronic devices. This may
e due to the fact that pure hafnia is costly and availability is hard
ompared to the other group IVB metals. In the present paper, we
ocus our attention to prepare highly pure hafnia and report the
ingle-step synthesis of hafnium oxide nanoparticles by a modiﬁed
ombustion synthesis technique, its structural characterization,
articulate properties, photoluminescent and related properties.
he process also explores a value addition in the synthesize of ultra-
ne nanocrystalline phase pure hafnium oxide from relatively low
ost and easily available coarse-grained hafnium chloride powder.
. Materials and methods
In the present study the modiﬁed auto-igniting combustion
echnique [20] was used for the synthesis of nanoparticles of HfO2.
n a typical synthesis, aqueous solution containing ions of Hf was
repared by dissolving high purity HfCl4 (99%) in double distilled
ater (200 ml)  in a glass beaker. Citric acid (99%) was then added
o the solution containing Hf ions. Amount of citric acid was cal-
ulated based on total valence of the oxidizing and the reducing
gents for maximum release of energy during combustion [20]. Oxi-
ant/fuel ratio of the system was adjusted by adding nitric acid and
mmonium hydroxide and the ratio was kept at unity. The solu-
ion containing the precursor mixture at a pH of ∼7.0 was  heated
sing a hot plate at ∼250 ◦C in a ventilated fume hood. The solution
oils on heating and undergoes dehydration accompanied by foam.
he foam then gets ignited by itself and on persistent heating giv-
ng voluminous and ﬂuffy product of combustion. The combustion
roduct was subsequently characterized as single-phase nanocrys-
als of HfO2. A schematic diagram of the modiﬁed combustion
ynthesis technique is shown in Fig. 1.
Structure of the as-prepared powder was examined by pow-
er X-ray diffraction (XRD) technique using a X-ray Diffractometer
Model Bruker D-8) with nickel ﬁltered CuK radiation. The struc-
ure was conﬁrmed by using Raman spectroscopic studies. The
ourier transform-Raman spectrum of the nanocrystalline HfO2
as carried out at room temperature in the wave number range
0–1200 cm−1 using Bruker RFS/100S Spectrometer at a power
evel of 150 mW and at a resolution of 4 cm−1. The samples were
xcited with a Nd:YAG laser lasing at 1064 nm and the scattered
adiations were detected using Ge detector. The infrared (IR) spec-
ra of the samples were recorded in the range 400–4000 cm−1 on a
hermo-Nicolet Avatar 370 Fourier Transform Infrared (FTIR) Spec-
rometer using KBr pellet method. Particulate properties of theFig. 2. XRD pattern of as-prepared HfO2.
combustion product were examined using transmission electron
microscopy (Model: JEOL JEM 1011) operating at 200 kV. The sam-
ples for transmission electron microscope (TEM) were prepared by
ultrasonically dispersing the powder in methanol and allowing a
drop of this to dry on a carbon-coated copper grid. The photolumi-
nescence spectra of the samples were measured using Flurolog@-3
Spectroﬂurometer. The photons from the source were ﬁltered by an
excitation spectrometer. The monochromatic radiation was then
allowed to fall on the disc samples and the resulting radiation
was ﬁltered by an emission spectrometer and then fed to a pho-
tomultiplier detector. The variation of intensity was recorded as a
function of wavelength. The optical measurements of the nanopow-
ders were carried out at room temperature using a Cary 100 BIO
UV–vis spectrophotometer in the wavelength range from 190 to
900 nm by dispersing the nanopowder in ethanol taken in the 1:20
volume ratio.
3. Results and discussion
Fig. 2 shows the XRD patterns of as-prepared HfO2 obtained
directly after combustion. XRD analysis shows that phase pure HfO2
with monoclinic phase [P21/c(14)] was formed in the combustion
process itself. The spectrum was  compared with the standard one
(JCPDS 43-1017) and all the peaks including the minor ones are
indexed accordingly. The particle size calculated from full width
half maximum (FWHM) using Scherrer formula for the major (1 0 0)
reﬂection of Fig. 1 is found to be ∼15 nm.
In order to conﬁrm the monoclinic phase, Raman spectrum of
the as-prepared samples were taken and are shown in Fig. 3. There
are 36 phonon modes predicted for m-HfO2, wherein 18 modes
(9Ag + 9Bg) are Raman active and 15 modes (8Au + 7Bu) are IR active,
the remaining three modes being the acoustic modes. There are
three IR active modes and three Raman active modes for t-HfO2.
Only one IR active mode is predicted for c-HfO2 [21,22]. The Raman
spectrum of the HfO2 samples of the present study show 15 Raman
modes, indicating that the HfO2 samples of the present study crys-
tallizes in monoclinic phase, which corroborates our XRD results,
and indicate that the phase formation is complete in the combus-
tion process itself. The Raman peak positions of the samples of the
present study are again compared with that of the reported data for
bulk HfO2 [21]. It can be found from the previously reported data
that the three Raman active modes of m-HfO2 are absent and one
IR active mode (Au mode at 398) is present in the Raman spectra
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Fig. 3. Raman spectra of as-prepared HfO2.
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f samples of the present study. Also, it can be observed that the
eak values are shifted to higher frequencies compared to bulk m-
fO2. The absence of three Raman peaks and the presence of peak
t 398 cm−1 and the shift in the Raman peaks can be attributed to
honon conﬁnement effect in nanocrystals.
Fig. 4 shows the FT-IR spectra of the as-prepared HfO2 powders
n the range 400–4000 cm−1. From the FT-IR spectra, it is clear that
o organic impurities, carbonates or nitrates, etc. are present in the
s-prepared sample. Also the FT-IR spectra are found to be match-
ng with that of earlier reports of HfO2 [1]. Thus X-ray diffraction,
aman and infrared spectroscopic studies conﬁrm that the phase
ormation is complete in a single-step combustion process itself.
Fig. 5a shows the transmission electron microscopic image of
s-prepared HfO2 and Fig. 5b shows the corresponding selected
rea electron diffraction pattern. From the TEM image, it is clear
hat the nanoparticles of HfO2 having the particle size of the order
f about 10–15 nm is obtained in the combustion process. The
ing nature of the electron diffraction pattern is indicative of the
oly-crystalline nature of the crystallites, but the spotty nature of
he SAED pattern in ﬁgure can be due to the fact that the ﬁner
rystallites having related orientations are agglomerated togetherFig. 5. (a) TEM image of as-prepared HfO2. (b) SAED pattern of as-prepared HfO2.
resulting in a limited set of orientations. Due to the ultraﬁne nature
of the nanopowders, which is of the order of 10–15 nm, the ring
nature of SAED pattern is limited.
The optical absorbance, transmittance, and reﬂectance spec-
tra of the HfO2 nanopowder are shown in Fig. 6. The maximum
absorbance occurred within the UV region from where the
absorbance decreased with the wavelength towards the NIR region.
The transmittance increased exponentially from the UV region
towards the NIR region. The transmission spectrum showed that
the sample exhibits transmittance of about 85% in the NIR region.
The properties of poor transmittance in the UV but moderately high
transmittance in the VIS-NIR regions make it an excellent mate-
rial for screening off UV portion of electromagnetic spectrum in
H. Padma Kumar et al. / Journal of Asian Ceramic Societies 3 (2015) 64–69 67
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(n + 1)2 + k2ig. 6. Optical absorption, transmission and reﬂection spectra of nanocrystalline
fO2.
V ﬁlters and sensors. The optical absorption in the shorter wave-
ength region is mainly attributed to the electron transition from
he top of the valence band to the bottom of the conduction band
23]. The property of high transmittance and low reﬂectance in the
isible region makes the material a good candidate as transparent
indows in solar cells.
A material can be characterized as a semiconductor or an insu-
ator by determining its band gap energy. According to Wood and
auc the Eg is associated with absorbance and photon energy by the
ollowing equation:
˛h) = ˇ(h − Eg)m
here  ˛ is the absorbance, h is the Planck constant,  is the fre-
uency, Eg is the optical band gap, and m is a constant associated
o the different electronic transitions as m = ½, 2, 3/2, 3 for direct
llowed, indirect allowed, direct forbidden and indirect forbidden
ransitions, respectively [24]. The band gap can be obtained from
he extrapolation of the straight-line portion of (˛h)1/m vs. h plot
o h = 0.
The optical absorption coefﬁcient  ˛ is determined using the
elation
 = − ln 
d
here T is the optical transmittance and d is the optical path length
hrough the cuvette. The variation of  ˛ with photon energy is shown
n Fig. 7. The absorption edge was found at shorter wavelength in
V region at 248 nm.  The existence of sharp absorption edge is the
haracteristics of crystalline state of the material which corrobo-
ates the XRD analysis. It is clear that  ˛ has maximum value in theFig. 7. Variation of absorption coefﬁcient (˛) with photon energy for nano-HfO2.
UV region from where it decreases with wavelength towards NIR
region.
The monoclinic HfO2 structure is reported as an indirect band
gap material [25,26]. The band gap energy Eg of HfO2 nanoparticles
was calculated using m = 2 and extrapolating the linear portion of
the curve or tail as shown in Fig. 8. The obtained result indicated
an Eg of 5.1 eV which is lower than those reported in the litera-
ture [27,28]. A possible explanation for this phenomenon can be
due to oxygen vacancies, distortions on the [HfO6], intrinsic sur-
face effects, etc. These factors have contributed to the formation
of intermediate levels between the valence and conduction band
resulting in the decrease of band gap energy. However our result is
in good agreement with that reported for a monoclinic HfO2 [29].
The complex refractive index (n = n + ik)  and dielectric function
(ε = ε1 + iε2) characterize the optical properties of any solid mate-
rial. The normal incidence reﬂectivity R [30] can be given by
R = (n − 1)
2 + k2Fig. 8. Tauc’s plot for nanocrystalline HfO2.
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here k is the extinction coefﬁcient which indicates the amount
f absorption loss when the electromagnetic wave propagates
hrough the material [31] and can be calculated using the relation
 = ˛
4
The variations of n and k with photon energy are shown in
igs. 9 and 10 respectively. The refractive index n and extinction
oefﬁcient k decreases with increasing wavelength. The refractive
ndex changes with variation of wavelength of the incident light
eam due to the interactions between photons and electrons. It
s found that n and k show maximum at the same photon energy
.640 eV. The nanocrystalline HfO2 prepared was observed to be
 semiconductor at room temperature since the maximum value
f refractive index (n) occurred at energy ranges near where the
aximum change in k occurred [32]. The peak values of n and k
bserved in the UV region indicate that the material is an inorganic
V absorber.
The fundamental electron excitation spectrum of the nanopow-
er was described by means of a frequency dependence of the
omplex electronic dielectric constant. The complex dielectric con-
tant is a fundamental intrinsic material property. The dielectric
ig. 10. Variation of extinction coefﬁcient (k) with photon energy for nano-HfO2.Fig. 11. Variation of real and imaginary dielectric constant with photon energy for
nano-HfO2.
functions ε1 and ε2 are related to the complex index of refraction
n and k by the following equations: ε1 = n2 − k2 and ε2 = 2nk [33].
The variation of real and imaginary dielectric constant with pho-
ton energy is plotted and shown in Fig. 11. Both ε1 and ε2 increases
with photon energy and attains maximum of 20 at 5.5 eV photon
energy. The value of real dielectric constant is in good agreement
with the earlier reported value [34].
The optical conductivity of the sample is determined using the
relation [35]
 = ˛nc
4
where c is the velocity of light.
Fig. 12 shows the variation of optical conductivity with inci-
dent photon energy. It is seen from the ﬁgure that the optical
conductivity increases with increasing energy. This suggests that
the increase in optical conductivity with frequency is due to the
electrons excited by photon energy.
The PL spectra of nano-HfO2 are shown in Fig. 13. The sample
gives a broad emission peak in the red region centred at 628 nm.
Usually HfO2 is reported to give a green emission in the visible
region. Here the red emission can be attributed to the oxygen
vacancies in the as-prepared samples. Oxygen vacancies are con-
sidered as key factors in the PL behaviour of HfO2. The electron
paramagnetic resonance study of HfO2 reveals the presence of Hf3+
defects into the structure acting as charge trapping centres on
Fig. 12. Variation of optical conductivity with photon energy for nano-HfO2.
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[Fig. 13. Photoluminescent spectra of nano-HfO2.
he surface [36]. The process of combustion lasts only for a few
econds and the powders so obtained are nanostructured in size,
nd may  cause oxygen vacancies in the samples. These oxygen
acancies cause slight distortions in the crystalline structure that
ave resulted in the formation of intermediate energy levels [37]. It
as already been reported that the oxygen vacancies in HfO2 cause
hotoluminescent emission around 600–650 nm [38]. The presence
f intermediate levels is also identiﬁed from the UV–vis spectrum
hich is stated as the reason for decrease in band gap energy. These
esults are in good agreement with the earlier reports [36–38].
. Conclusions
Nanocrystalline HfO2 was prepared using a single-step auto-
gniting combustion technique from HfCl4. X-ray diffraction studies
eveal that the HfO2 crystallizes in the monoclinic phase [P21/c(14)]
nd the particle size calculated from FWHM was  found to be
5 nm which is in good agreement with the TEM results. FT-IR
nd FT-Raman spectroscopic studies conﬁrm the monoclinic phase
P21/c(14)] of the as-prepared HfO2. All these studies conﬁrm that
he phase formation is complete during the combustion synthesis
tself without the need of any calcinations steps. The optical prop-
rties of the samples as well as the band gap were analysed using
V spectroscopic techniques and the optical constants were deter-
ined. The refractive index and the excitation coefﬁcient were
alculated from the reﬂectance spectrum. The transmission spec-
rum showed that the sample exhibits transmittance of about 85%
n the near-infrared region and poor transmittance in the UV region.
his indicates that the sample can be used as UV ﬁlters and sen-
ors. The band gap of nanocrystalline HfO2 was found to be 5.1 eV,
hich was found to be low compared to the values reported for
ulk HfO2. The photoluminescent spectra of nanocrystalline HfO2
as recorded and spectrum showed a broad emission at 628 nm.
[
[
[
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The low band gap, as well as broad photoluminescent spectra, indi-
cates the presence of intermediate energy levels in nanocrystalline
HfO2.
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